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INTRODUCTION 
Since the advent of nuclear power it has become neces-
sary to find good radiation shielding material. Some of the 
desired properties for a nuclear- reactor shield are (a) high 
density to minimize thickness., (b) high content of light 
elements for the degradation of the neutron flux., (c) high 
content of heavy elements for the d.egradati on of gamma rays, 
(d) low cost, (c) ease of fabrication and installation, and, 
(f) reasonable structural strength, including stabi lity under 
irradiation and stability under hot, moi st, or dry condi-
t i ons. (1) 
Light elements such as hydrogen and . carbon are good neu-
tron shields, but are ineffective as gamma ray shields, while 
in contrast , heavy elements such as lead. are excellent gamma 
ray shields but poor neutron shields. Therefore, a good 
shielding materi al would be one that combines both the heavy 
and the light elements. Concrete is one of the few materials 
tnat meets these requirements. Concrete, a material con-
sisting of inert aggregate bound together by a hardened 
cement paste., is a natural choice for a material for shield-
ing stationary nuclear reactors. It is fairly effective in 
the attenuation of both neutron and gamma radiati on escaping 
from tbe reactor system, has good structural properties and 
is not expensive. It is a material of excellent adaptability 
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in two respects: First, it can be molded with ease int o any 
desired. shape, and second, by varying the consituents, its 
shielding properties can be adapted to a wide range of re-
quirements. (2) 
Jaeger (2) also states that the required concrete thick-
ness is determined by the gamma ray attenuation, and not by 
the neutron attenuation. The ·11ght elements present in the 
concrete moderate the neutrons so that the neutron flux is at 
a desirable level when the gamma rays have been reduced to a 
reasonable level. 
The major property of the attenuation of gamma rays 1s 
the exponential decrease in the intensity of radiation as a 
homogeneous beam passes through a thin slab of material. If 
a beam of photons of flux intensity I strikes an absorber 
which has a thickness x, a number of atoms per unit volume n, 
and a collision cross section of tf" , then the number of col-
lisions mad.e in a path length dx by photons passing through 
a unit cross section in a unit time is I d'ndx. Replacing 
o'n with the macroscopic l inear absorption coefficient ,,v , 
the relationship is then I P dx. If each photon involved in a 
collision is considered completely absorbed , then the number 
of collisions must equal the decrease in flux over the dis-
tance dx. Therefore, the di~ferential equation 
-dI .. I -V dx 
is true. The solution of this equation when I 0 i s the 
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incident intensity is the well known absorption law 
I = I
0
e -...c1x • 
The constant .v can be determined. by either theoretical or 
experimental means. ( 3) 
The interaction of gamma rays with matter is described 
by three major processes; (a) photoelectric absorption., 
(b) Compton scattering, and ( 3) pair- production. The absorp-
tion coefficient depends on the properties of the absorbing 
material as well as the energy of the incident photon; there-
fore, no single formula or curve has been determined for all 
materials. Formulas have been derived for the probability of 
each of the above processes occurring as a function of 
energy. Therefore, the sum of each of the partial coeffi-
cients is the total absorption coefficient as a function of 
energy for a given material. ( 4 ) 
The contribution of each process varies with the photon 
energy and the absorbing material. In the photoelectric 
effect all the energy is transferred. to a bound. electron 
which is ejected. from the atom or molecule. Except in the 
heaviest elements photoelectric absorption is relatively un-
important for energies above 1 Mev. (4) 
Instead. of giving all its energy to a bound electron as 
in the above case the photon may give only part of its eners'Y 
to either a bound or f'ree electron and, continue on an altered 
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path. This process is known as Compton scattering and occurs 
mainly at photon energies of o.6 to 4.0 Mev. (4) 
The pair-production process involves the creation of a 
positron-electron pair by the absorption of a photon. This 
process cannot take place at energies of less than 1.02 Mev. 
Therefore, it is important only at high gamma ray energies 
and for elements of high atomic number. (4) 
The results from the evaluation of the absorption coef-
ficients were compared with experimental results as reviewed 
by Davisson and. Evans (5). The results indicate excellent 
agreement between theory and. experiment. 
To obtain valid. experimental results and. to be able to 
use the standard. gamma ray attenuation equation, the follow-
ing assumptions were mad.e: ( a ) the incia.ent beam was con ... 
sidered to be mono- energetic, i.e., 1.25 Mev., (b) the beam 
was considered. to be collimated, i.e., no scattered. rad.iation 
was scattered back into the beam, and. (c) the absorbers were 
thin. With these assumptions in mind, the gamma ray attenua-
tion equation is valid:, and the absorption coefficdents can 
be determined. by measuring the beam intensity at various 
absorber thicknesses. 
In calculation of the attenuation of gamma i"a<Uation, 
the buildup factor is normally given. This is the factor 
wh1cb i s the ratio between the total gamma radiation con-
tribution to the unscattered contribution. (3) 
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Tbe determination 0£ the buildup factor is usually 
accomplished by taking two measurements. First, a narrow 
beam attenuation is found using a collimated beam of mono-
energetic gamma rays and a collimated detector. Then a broad 
beam attenuation is found using monoenergetic gamma rays 
without collimation. The ratio between the broad and the 
narrow beam attenuation is the buildup factor. (3) 
Since a collimated beam was used in this st~dy and no 
' data was taken with a wide beam, the buildup factor for con-
crete was not determined.. It,therefore, should be kept in 
mind ·that the results of this investigation should be multi-
plied. by an appropriate buildup factor to determine the total 
con-l:;ribution of the gamma radiation. 
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REVIEW OF LITERATURE 
Entrainment of a small amount of air in the cement 
paste has been found to improve consid,erabl y the durability 
_or concrete and improve the resistance of the concrete to 
frost action. In cert ain areas of Kansas, Nebraska., 
Missouri, and Iowa natural coarse aggregates are scarce. 
Therefore, construation concrete is made using aggregate with 
a maximum size of 3/8 inch and containing a large amount of 
particl es Which pass the No • . 4 sieve. This concrete contains 
about 2 to 4 percent air. The use of air-entraining agents 
Jncreases the air content to 7 to 13 percent. It is the air 
cont.ent produced by the air-entraining agent that gives ·che 
concrete durability . Due to this entrained air the density 
of the concrete is decreased. to some extent . (6) 
As a rough approximation the ratio of the densities of 
two shielding material s can be related. to the ratio of their 
absorption coe:fficient.s in the energy range of l to 3 Mev. 
Therefore, a concrete of less density wol..lld be less desirable 
and require a thicker shield.. ( 7) 
Heavy concrete has been used in conjunction with the 
shielding requirements of mapy nuclear reactors now in 
i~' . 
operation. The properties, composition, and cost of many of 
the well known heavy concretes· have been reviewed by Snyder 
(7) and Hungerford. (8). In most cases the densities of the 
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concrete is increased by replacing the standard aggregate by 
heavier aggregate, such as iron ore or iron fillings. 
Price et al. (9) discusses in great detail the use of 
ordinary concrete as both a neutron and a gamma ray shield. 
They also state, as it bas been stated. before, that higher 
density concretes are better shielding materials for gamma 
rays. It was also stated. in ( 9) that the variance of the 
cement to aggregate ratio has an effect on the neutron atten-
uation properties and that "leaner" mixes have an advantage 
over "ricbu mixes. A water- cement ratio increase reduces 
the strength and. density. 
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INVESTIGATION 
Since the compression strength and the workability 
depend directly upon the water-cement ratio, different 
water ... cement ratios are used for d.ifferent construction situ-
ations. Hence, a variation of water-cement ratios from 4 to 
9 gallons of water per sack of cement was studied to see if 
there is any marked_ change in the gamma ray attenuation. 
Since the slump was controlled at 3 or 4 inches and the vol-
ume of water to coarse aggregate was held constant, the 
change in the water-cement ratio caused a change in the vol-
ume of cement and fine aggregate. This resulted in a de-
crease in the density as the water-cement ratio increased. 
Gamma ray attenuation varies mainly with the density; there ... 
fore, it is expected that the gamma ray attenuation should 
increase as the water-cement ratio increases. 
Air-entrainment of concrete is used to reduce the effect 
of repeated freezing and. thawing in temperate climates. 
Since a concrete shield for a nuclear reactor or other ir-
radiation facility might be made of air-entrained concrete, 
an investigation of the gamma ray attenuation in air-
entrained conerete was made to d.etermine whether or not en-
trained air has any detrimental effects on the attenuation. 
The water cement-ratio was also varied in this investigation. 
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The study was eonducted at only one energy level of in-
cident gamma·. rays. 
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EQUIPMENT A..i'JD MATERIAL 
Radiation Source 
A cobalt-60 source of 2.1 curies was utilized in this 
study. This source is a special two-curie cobalt-60 irra- : 
diation facility located at Iowa State Uni versity of Sclence 
and Technology, Ames, Iowa. Tbe source is located. on a 
movable control rod which moves vertically along the axis of 
a 16- inch diamet.er lead eylind.er. When the source is in the 
"up" position. a colli mated beam is produced horizontally. 
The beam is 1/4 inch in diameter at the edge of the lead 
cylinder. (10) 
The aobalt-60 source emits two photons. in cascade with 
energies of 1.17 Mev and 1.33 Mev. For this study an average 
energy of 1 . 25 Mev was used. Since cobalt-60 has a half life 
of 5.2 years, no correction for its d.ecay was necessary. 
Detector and. Apparatus 
The deteotor which was used. in the study was a NaI ( '!'1) 
crystal scintillation deteetor, model DS-5, manufactured. by 
Nuclear of Chicago. The NaI (Tl) crystal was 1 l/8 inch in 
diameter. The d.etector was operated at a 2500 volt poten-
tial. 
The scaler used was a model 181A scaler manuf'actured by 
Nuclear of Chicago. The scaler was operated in conjunction 
with a model 1810 Racliation Analizer also manufactured by 
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Nuclear- of Chicago. The analyzer was set at a base level of 
6~5 volts with a window width of 5 volts. The operating .high_ 
voltage was 926 volts and. the gain set at 1/4. The analyzer 
had been calibrated. with a standard cesium ... 137 source so that 
a base level of 625 volts would. correspond to a 1.25 Mev 
gamma ray. 
Shield.ing 
Several 2 by 4 by 8 inch lead brick were built up around 
the detector. These lead brick were used to reduce the 
scattering effect and. the background. counts. Also a wall of 
lead brick was used to hold the concrete absorbers in place. 
FiguPe 1 shows a drawing of the experimental set up. 
Absorbers 
The absorbers used were 2 by 2 by 4 inch mortar brick. 
The composition of these brick was varied and is described. 
in detail in the section on procedures. The chemical analy-
sis qf the components of the ·concrete was not obtained. but 
Table 1 shows the published. values for the normal components 
of Type I Portland cement, as found. in Bauer (6). 
The fine and coarse aggregate was Des Moines River, 
Boone, Iowa sand and gravel with dune sand added. to fill the 
gaps in grad.ing. Tbe sand. and. gravel was assumed. to be 100 
percent 8102 and was grad.ed. in accordance with ASTM specifi-
cations for concrete aggregate C33~54T. Table 2 shows the 
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B B A - ABSORBERS 
Al B- 2X4 X8 IN. LEAD 
BRICKS 
A2 C- LEAD CYLINDER 
B A3 B f(") D- DETECTOR 
S- C0-60 SOURCE 
D 
--- --1ANALYZER SCALER 
Figure 1. Experimental setup 
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particle distribution as determined by sieve analysis . . 
Tests on the unit weight, d.ensi ty, and water eontent of 
the aggregate was riun in accordance with AS'I'lVI specifications. 
These values are listed. in Tabl e 3. 
Table 1. ~hemical compo$i tion of Portland. cement Type :r: in 
percent weight 
Compound Gao MgO 
Percent 63.5 21 .0 6. 5 5.0 2.0 2.0 
Table 2. Sieve anal ysis of sand and sravel 
Sc.reen size 
3/4 in .. 
1/2 1n. 
3/8 in. 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
Percent pas_sed screen 
Gravel Sand. 
100 
95 
55 
10 
2 
100 
98 
90 
65 
42 
20 
5 
14 
Table 3. Properties of standard aggregate tests per ASTM 
specifications 
Property 
Specific gravity 
Unit weight ( lb per cu ft) 
Water eontent (percent) 
Fineness modulus 
Sand 
2.54 
114.2 
0.75 
2.80 
Gravel 
2.60 
104.4 
0.09 
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PROCEDURES 
The composition of the concrete brick was varied for 
this investigation. In all, twelve different mixes were 
used.. In the fi;l'.'st six mixes the water-cement ratio was 
varied from 4 to 9 gallons per sack. In the remaining s i x 
mixes the water-cement ratio was varied in the same manner as 
the forme:r six except that an air ... entraining agent was added 
to the mix to produce approximately 7.0% entrained air- in the 
concrete. The air-entraining agent used waa Vtnsol Resin 
solution., which was a prepared mixture of one gram of Vinsol 
I 
Resin crystals per ten ml of a 3. 0% s-ocUum hydroxid.e solu-
tion. 'J,1he concrete mixes were proportioned using the 
American Concrete Institute method of proportioning. The 
amou.nt of' air-entraining agent used was d.eterm..tned by a graph 
in 'l1roxe11 and Davi s (11 , p . 69). The composi.tion by weight 
of the twelve mixes are shown in Table 4 and are labeled 1 
through 12. 
The p;riocedure used for the mixing and. casting of the 
brick was the same for all mixtures. The cement and the fine 
aggregate were mixed thoroughly by hand. The coarse aggre-
gate was then added. and mixed wiJGh a hand trowel. Finally 
the water was added slowly and mixed thoroughly with the 
cement and aggregate. The mixing continued for- several min-
utes to insure a constant clist;ribution of all components. 
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Table 4. . Proportions of ingredients by weight in pounds 
:aateh Cement Water Fine Coarse Air-
aggregate agg1"egate entr>aining 
f!olution 
1 4.70 1.66 4. 69 6 . 38 0 
2 3.74 1.66 5.43 6. 38 0 
3 3.12 1.66 5. 94 6.38 0 
4 2.68 1. 66 6. 27 6. 38 0 
5 2.35 1 .66 6.55 6.38 0 
6 2.08 1.66 6,77 6.38 0 
7 4.16 1.49 4.96 6.38 7.0 Ml 
8 3.33 1.49 5.32 6.38 4.8 Ml 
9 2.77 1. 49 5.79 6. 38 3.6 Ml 
10 2.38 l.49 6.13 6. 38 2.9 Ml 
11 2.08 1 .49 6. 36 6 t 38 2.3 Ml 
12 L85 1.49 6.55 6,38 1.8 Ml 
For the air-entrained samples the Visol Resin solution was 
ao.ded to tbe water before it was mixed. with the d.ry compo-
nents. 
Machined steel molds. containing twenty-four 2 by 2 by 4 
inch compartments were used for the forms. Batches of 12 
brick each for the 12 mixes were cast. After the forms had 
been thoroughly grieased they were filled about one- third. full 
and rodded about 25 times. This· procedure was repeated. two 
more times to fill the mold. The remainder of the mortar 
was spread. over the top and. worked. down with a trowel . The 
excess was removed leaving the mortar in the mold level with 
t he top. The molds were 'r:;hen cove.red with wet burlap and 
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placed. f or two (lays in a 100% humidity moist room. The brick 
were then removed from the molds and. placed. und.er lime-
saturated. water for 26 more days. 
The yield strength in compression was determined. both 
7 and. 28 days after casting. Three bricks from each bat ah 
were tested at both 7 and. 28 days. Al l compressive tests 
were made along the four inch length of the bricks with a 
hydraulic t .esting machine. The average compressive strength 
of the three bricks is reported in Table 5. 
Table 5. Average compressive strength of concrete in psi 
Batch 7 a.a;x: test 28 da~ test 
no. Theory& Experiment Theory5 Experiment 
1 4400 3867 6000 4750 
2 3500 3208 5000 4960 
3 2800 2750 4000 3750 
4 2200 2058 3200 3500 
5 1800 1912 2500 2800 
6 1400 1245 2000 2030 
7 3800 3721 4800 4180 
8 3000 3100 J.i.ooo 4530 
9 2400 2679 3200 3220 
10 1900 1867 2600 2790 
ll 1500 1437 2000 2330 
12 1200 1100 1600 1670 
aval ues are average values as reported in Ref. 12, 
p. 124. 
bValues are average values as reported in Ref. ll, 
p. 107. 
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The experimental d.ensity for each of the 12 batches was · 
determined by weighing each brick in water and in air . The 
theoretical density was d.etermined. from the mix proportion-
ing. A comparison of the theoretical and experimental. den-
sity gives the actual percent of air in the concrete, The 
average of these values for each batch is given in Table 6. 
',i:he bricks were then used. as absorbers and the counting rate 
was determined. for 2 inch intervals of absorbers up to a 
total of 12 inches . The average count at each interval was 
corr-ected. for background and. normalized. to the count rate a'c; 
zero thickness . The nor-malized count versus absorber thick-
ness was plotted on semi- log paper. The slope of the 
straight line obtained. by this plot was determined. by the 
least squares fit method applied. to the equation of the line 
Activity = ke-...u x 
where ..v is the linear ab.sorption coefficient in incbes-1 . 
Using the average experimental density obtained. from the six 
bricks, the mass absorption coefficient, .v /p was compllted. 
· for each batch. 
At the beginning of each day, the source was raised int·o 
position and, clamped se.curely into place by "C clampsn. 
Three five minute background counts were taken at the begin-
ning of each batch. All data recorded in each batch was 
corrected for its respective background.. Three five minute 
readings were taken s.tarting with zero absorbers and. every 
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Table 6. Density and air content of concrete blocks 
Batch . Theo:i;,i Ex~eriment 
LO. Unit we'i'gh t % Air Unit weight % Air 
pc.f pcf 
1 142.5 2.5 140.4 3.9 
2 140.8 2.5 141.7 2.0 
3 139.9 2.5 139.2 2.9 
4 138.9 2.5 139,1 2.2 
5 138.6 2.5 138.0 2.8 
6 138.2 2.5 136.5 3 .. 9 
7 136. 7 7.0 136.9 6.8 
8 135.1 7.0 137 .1 5.7 
9 134.4 7.0 134.6 6.9 
10 133.9 7.0 133.8 1.0 
11 133. 3 7.0 133.0 7.2 
12 133.0 7.0 131.4 8.2 
two inches thereafter until 12 inches of absorbers were 
placed. between 'Ghe source and the detector. The average of 
the three readings were used. Since a scintillation detector 
was used., no correction for counter dead. time was required.. 
Each batch required. about two hours of counting t ime, there-
fore!! only two batches could. be run each d.ay. Also it wa$ 
impossibl e to maintain the same source geometry because the 
source was returned. to 1 ts container at the end of each d.ay. 
This explains the d.i.fference in the zero count rate of the 
different batches. At no time was the source moved while a 
run was being performed on a specific batch . The Appendix 
contains the o.ata taken for a ll samples. 
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RESULTS AND DISCUSSION 
The resul ts of the absorption coefficient tests are 
tabulated. in Tabl e 7 . Figure 2 to Figure 7 show the absorp-
tion curves for the six different wat.er- cement ratios. Both 
the air-entrained sample and the non- air-entrained sample for 
each water-cement :t1atio are plotted on the same axis . That 
is, Figure 2 shows the absorption curves for test number l and 
test number 7, and Figure 3 to ·Figure 7 show the absorption 
curves for both air and non-air- entrained samples of water-
cement ratios of 5, 6, 7, 8, ct,nd 9 gallons per sack respec-
tively. As an aid. in evaluation of the results the density, 
l inear absorption coefficients., and. the compre.ssive strengt hs 
for both 7 and 28 days were pl otted versus the water -cement 
ratio of both the air and non-air-entrained. sampl e.a. These 
plots are shown in Figures 8, 9r 10, and 11 respectively. 
The plot of d.ensi ty versus the water-cement ratio, 
Figure 8, inaicates three general charac.teristics; ( a ) a 
separation of the air and non-air- entrained curves, with the 
air-.entrained sampl e being lower. This is to be expected be-
eause of the entrained. air in the sampl es of the l owe:r curve, 
(b) a general decrease in density as the water- cement ratio 
increased from 5 to 9 gallons per sack. This was al so ex-
pected. because mor e sand and less cement is present in the 
mixes of higher water-cement ratios. The specific gravity 
Table 7. Experimental r esults o.f the mixtures tested 
Wate·r Air Ha.1.f Linear Relaxation Mass 
cement content thickness abs,orption length absorption 
Batch ratio coet1 coef. no. gal/sack percent. in. in.- cm. cm2/gm 
1 4 3.9 2 . 34 0.296 8.58 0.0519 
2 5 2.0 2. 28 0.304 8.36 0.0527 
3 ,.. 2.9 2. 2.8 0.304 8. 36'. 0.0535 0 
4 7 2.2 2.24 0.309 8.23 . 0 . 0545 
5 8 2.8 .2 . 24 0.309 8.23 0.0550 
6 9 3.9 2. 39 0.290 8.75 0.05'22 
7 4 6.8 2.22 0.312 8.15 0.0560 
8 5 5. 7 2.25 b. 308 8 •. 2.5 0.0552 I'\) 
9 6 6.9 2.25 0.3o8 8.25 0.0562 1--' 
10 7 7.0 2.28 0.304 8.36 0.0559 
11 8 7.2 2.31 0 . 300 8.46 0.0568 
12 9 8.2 2 ~ 41 0.287 8.85 0. 0538 
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Figure 9 . Linear absorption coefficient curve 
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Figure 10 . 7-day compressive strength curves 
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of sand is 2. 54 compared to 3.2 for the cement, ( c) it snou.ld 
be noted that at the water-cement ratios of 4 and. 9 gallons 
p.er saclt thls does not occur. The density is much less than 
that at adjacent points, which is not what would be expected. 
This phenomenon will he discussed. l ater in this section. 
The plot of the linear absorption ooefficient versus the 
water•-c,ement ratio for the non-air-entrained mi:,tes, Figure 9, 
Shovis a marked decI1ease in the coefficient at water- cement 
l"atios of 4 and. 9 gallons per sack. This decrease is at the 
same wate~- cement ratios as mentioned. in the preceding para-
g~aph. Also an examination of Figure 11, the 28 day eompres-
sive stre·ngth versus the water-cement ratio, shows a decrease 
in strength at the same water-eement ratios.. This indicates 
that the samples in question were probably too porous. A 
recheck of Tabl e 6 shows that the air content of these 
samples was 3.9% where the average of the other f our sample~ 
was about 2.0%. The expl anation for this increase in air 
content and. porosity is tbat ( a) at the water-cement :ratio of 
4 gallons per sack the mix was extremel y "harsh" and. mor e air 
was trapped. in the mix due to the extra rod.ding required to 
make the mix workable, (b) at the water -cement ratio of 9 
gal lons per sack the mix was quite fluid. because the amount 
of cement was low. This would cause a l ess d,ense m.i..xture. 
The.re:rore, if' the sampl es at water-cement ratios of 4 and. 9 
we~e neglected, the plot of the l inear absorption eoeffiaient 
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versus the water-cement ratio for the non-air-entttained sam-
ples shows relatively little change for the different water-
cement ratios. The compressive strength .for both 7 and 28 
days shows a decrease as the water-cement ratio increases 
except at the lowest ratio as was noted previously. Also the 
air-entrained. sample has less compressive strength than was 
expected. Table 5 shows a comparison of the theor,etical and 
experimental compressive strength. 
Since the chemical analysis of the ingredients was not 
available, no exact comparison of the theoretical and experi~ 
mental values can be made. In oxtder to obtain some compari-
son between theory and experiment, the mass absorption coef-
ficients were computed for all twelve mixtures uaing the 
average published. composition as reported. in Table 1. The 
theoretical mass absorption coefficients were computed for 
an ineident photon energ-y of 1. 25 Mev. 
The lineal:' absorption coefficient for the elements that 
appear in the compounds listed. in Table 1 were computed. by 
using formulas found in Siri (13) . Since the total linear 
absorption coefficient is mad.e up of three par tial linear 
absorption coefficients, the partial coeffi.cients were com-. 
puted. for ea.ch element using the following equationst 
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( a) Pbotoelec·tric effect, 
•. f' z4 7 7' = 4. 07 :rpb-A x 10-
( b ) Compton effect, 
o : 0. 224 o pb p z 
A · 
( e) Pair production, 
2 
;< = 2. 725 ,t"'pb+ X 10-3. 
The values for lead were obtained. from eu.rves aa Ypb = 0 . 14, 
o pb = 0.51 , and l<pb = 0.002. The total lineav absorption 
coefficient is the sum of the partial coef.f:t.eient, ..u -::;-j-rt:1-f f( • 
The mass absorption coefficients were obtained by dividing 
the above results by the density of the element in question. 
The d.ensities were the standard. density at 15°c as reported 
in Nucleonics ( 14), 'J:he theoretical mass absorption coeffi-
·cients for t he element~ needed are shown in Table 8 . As a 
check on these values, the values l isted by Hungerford ( 8) 
at several energy levels were plot ted and. t.be val ue at 1 . 25 
Mevis also presented in Table 8. 
The maes absor ption coefficient f or a compound or !llU-
ture was determined. by a weight fraction summation, that is 
.d .d1 ,L/2 
'If : f1- + f ~ + • •• 
f 1 f 2 
wher•e !'1 , f 2, etc. are the fractional weight percentages of 
the elements present. As an example, tbe mass absorption 
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coefficient for so3 ~as obtained., using tbe values for sulfur 
and oxygen found in Table 8: as 
.U/ f = 32/80 ( .0570 ) + 48/ 80 ( .0577) = 0.0574 
The valuea computed. for all the compounds are listed in 
Table 9. 
Table 8. Mass absorption coefficients 
Element ,(,/If em2/p 
Hungeri'o:rd. 1 s val ues Theoretical values 
Al 
Ca 
Fe 
H. 
Mg 
0 
Si 
$ 
0.0553 
0.0575 
0.0538 
0. 11:25 
0.0565 
0.0574 
0.0573 
0.0570 
0.0550 
0.0574 
0.0533 
0.1140 
0.0572 
0.0577 
0. 0573 
0.0570 
Table 9. Mass absorption coeffi~tent s of compounds 
Compounds 
0 .0563 
0.0575 
0.0550 
0.0640 
0.0574 
0.0574 
0.0576 
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'Fhe theoretieal mass absorption coefficient for Portland 
cement Type I was found in the same manner, using Table l for 
the percent fraction of each compound and Table 9 for the 
mass absorption coeff:tcient of the compound.. The theoretical 
mass ab$orption coeffieient for cement is 
-1't • .0575 X • 635 -+- • 0576 X • 210 + • 0563 X .065 
. 0574 X • 050 + , 0574 X . 020 -t • 0550 X • 020 
= 0.0574. 
Table 10 shows tbe mass absorption coefficient o:r the compo-
nents used. in the cone1"ete mixes. 
Table 10, Mass absorp~ion coefficient of concrete 
ingredients 
Material 
Cement 
Sand 
Gravel 
Water 
0.0574 
0.0576 
0.0576 
0.0640 
Using the above figures and the weight proportions given 
in T.able 4 for cement, aggregate and water., the mass absorp-
tion coefficients for- all twelve mixes were computed.. These 
theoretical values a:re compared with the experimentally ob-
tained. value.a in Table 11. 
37 
Since the percentage difference for the air-entrained 
samples are less than that for the non-air-entrained samples., 
it could.. be assumed that the air- entrained data are more 
accurate. This is also true in the plot of the linear coef-
ficient . which was discussed earlier. The experimental re -
sults indicate that there is little change in the absorption 
coefficient due to a change in water-cement ratio. This is 
true because as the water-cement ratio increases the weight 
of cement decreases. while the weight of sand incr·eases pro-
portionately. Since there is little difference between the 
absorption coefficient of sand. and cement., the change in the 
absorption coefficient is slight. The mass absorption coef-
ficient for the air ... entrained concrete is higher than that 
.for the non-air-entrained. concrete. This is true because the 
linear coefficient is primarily the same but the d.ensi ty or 
the air- entrained. concrete is less . Table 11 shows that the 
percentage ct.if ferences in .,</ f for all mixes is less than 
10 percent; therefore, the experimental results do agree 
within reason to the results Which were predicted by the 
theoretical analysis. 
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Table 11. Theo:t'etical ano experimental mass absorption 
coefficients 
Water µIf cm2/gm 
cement 
rat:to Non-air-entra:tned. Air-entrained. 
Theory Experimeni; % error Theory Experiment% error 
4 0.0576 0.0519 9.9 0.0548 0.0560 2. 2 
5 0.0576 0.0527 8 • .5 0.0548 0.0552 0.7 
6 0.0576 0.0535 7.1 0.0548 0.0562 2.5 
7 0.0576 0.0545 5.4 0~0548 0. 0559 2.0 
8 0.0576 0. 0550 4.5 0.0548 0.0568 3.6 
9 0.0576 0.0522 9.4 0.0548 0.0538 1.8 
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CONCLUSIONS 
The results of the tests of tbe gamma ray shielding 
properties of concrete with varying water-cement ratios and 
air-entrainment indieate that the following conclusions may 
be drawn within the range of water-cement ratios and con-
crete composition studied in this investigation: 
1. The variation of the water-cement ratio for a stand-
ard, non-air-entrained mixture produced little change 
in the linear absorption coefficient. 
2 . An increase of the water-cement ratio from 5 to 8 
gallons per sack for a standard non-air-entrained 
mixture produced an increase in the mass. absorption 
coefficient of 4.5 percent. 
3. The variation of the water-cement ratio for an air-
entrained mixture produced little change in the 
linear absorption coefficient. 
4. An increase of the water-cement ratio from 5 to 8 
gallons per sack for an air-entrained. mixture pro-
d.ueed. an increase in the mass absorption coefficient 
of 3.0 percent. 
5, The linear absorption coefficient is about 1. O per--
cent less for an air-entrained. mixtu:r,e than for a 
standard. non-air-entrained. mixture, 
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6. The mass absorption coefficient is about 4.o per-
cent greater for an air-entrained. mixture than for 
a standard non-air-entrained mixture . 
7. Since the changes are all quite small, it can be 
assumed. that generally the gamma ray absorption 
properties are not changed considerably with air 
entrainment up to 7 . 0 percent. 
1 . 
3. 
4. 
5. 
6. 
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Table 12. Compression test data 
7 day test: 7 Mar. 61 28 d.ay test: 28 Mar. 61 
Batch 
no . Ul timate strem~th 
Test Test Test 
2si 
Av . 
Ultimate strep.iat h 2s1 
Test Test Test Av. 
No. l No.2 No . 3 No.l No.2 No.3 
1 4200 3900 3500 3867 5300 4150 4800 4750 
2 3237 3287 3100 3208 4925 4450 5287 4960 
3 2687 2987 2575 2750 4125 3275 3850 3750 
4 22.25 1775 2175 2058 342i 3525 3550 3500 
5 1962 2025 1750 1912 286 2687 2850 2800 
6 1137 1337 1262 1245 2125 1950 2025 2030 
7 3100 4025 4037 3721 3175 5465 3900 4180 
0 3300 2837 3162 3100 4100 5000 4500 4530 0 
9 2762 2600 ~675 2679 3125 3600 2935 3220 
10 1837 1762 2000 1867 3163 2633 2563 2790 
11 1337 1600 1312 1437 2182 2407 2406 2330 
12 1087 1075 1137 1100 1850 1512 1650 1670 
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Table 13. Density test data (Date: 29 May 61) 
Batch Brick Wt. in Wt. in Density 
no. no. air water 
gm. gm. pcf 
1 1 603 337 140.9 
2 601 334 140.2 
3 599 332 139.8 
4 599 334 140.9 
5 600 334 140.2 
6 589 3'2!7 140 ~2 
Av. 140. 4 
2 l 612 343 141. 7 
2 590 327 139.8 
3 609 340 141 .0 
4 597 331 139.8 
5 600 344 146.o 
6 609 341 141.7 
Av. 141.7 
3 1 596 330 139.8 
2 605 336 139.2 
3 596 328 138.5 
4 602 332 139. 2 
5 604 335 139.8 
6 596 328 138.5 
Av. 139 . 2 
4 1 589 322 137 . 3 
2 603 334 139.6 
3 606 334 138.9 
4 599 330 138.5 
5 600 333 140.5 
6 605 335 l32.6 
Av. 139.1 
5 1 590 326 138.9 
2 583 318 137 . 2 
3 594 324 137, 2 
4 601 328 137, 2 
5 604 333 138.9 
6 600 331 138 .9 
Av . 138.0 
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Table 13 (Continued). 
Batch Brick Wt. in Wt. in Density 
no. no. air water 
gm .•. gm, pcf' 
6 1 578 314 136.5 
2 583 321 138, 3 
3 571 307 134.6 
4 585 319 137.0 
5 574 312 136.5 
6 576 312 135.9 
Av. 136.5 
7 1 609 331 136.9 
2 610 332 136.9 
3 610 330 131.3 
4 615 336 137 .4 g 607 331 137 .4 607 329 136.3 
Av. 136.9 
8 l 600 327 137 .1 
2 609 332 137.l 
3 612 336 138.4 
4 619 338 137.1 
5 598 323, 135.8 
6 620 338 137.1 
Av. 137 . l 
9 1 590 319 135,8 
2 580 309 133.4 
3 591 317 134.6 
4 569 306 134.6 
5 577 312 135.8 
6 572 304 133.4 
Av. 134.6 
10 l 583 312 134. o 
2 573 303 132.1 
3 592 317 134.o 
4 572 307 134 .6 
5 581 311 134.o 
6 570 305 134.o 
Av,. 133.8 
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Table 13 (Continued). 
Batch Brick Wt. in Wt. in Density 
no. no. air water 
gm. gm. pcf 
ll l 587 314 134.o 
2 578 306 133.0 
3 549 291 133.0 
4 574 306 133.4 
5 570 300 134.o 
6 559 292 130.6 
Av. 133.0 
12 1 582 309 132.8 
2 567 299 132.0 
3 574 302 131. 3 
4 568 296 130. 2 
5 569 299 131. 3 
6 571 299 131. 0 
Av. 131.4 
Table 14. Counting data 
Thick- Count Count Count Ave. Ave. Corr. Normalized 
Batch nes.s No. 1 No . 2 No. 3 count rate ra'G.e rate 
no. in. 
1 Back-
ground 826 852 811 827 29 165 6 
0 379,355 378.,821 378.,737 378,971 616 75,794 123 75,629 129 1.000 
2 215,693 215,621 216,658 215,991 466 43,198 93 43,033 99 0.569 
4 116,521 116 662 116,389 116,524 34•2 23, 305 68 23,140 74 o. 306 , 6 64,928 65.,425 6Lt ,971 65,108 256 13,022 51 12,857 57 0 .170 
8 36., 0.21 36.,195 36, 199 36, 138 191 7,228 38 7,063 41} 0.095 
10 19,910 20,204 20, 320 20, 217 142 4,043 28 3.,878 34 0.051 12 11,536 11,434 11,602 11,524 107 2,305 21 2.,140 27 0.028 
2 Bacl-c- ~ \0 gr ound 914 872 881 8.89 30 178 6 
0 382,243 383,572 383.,759 383.,191 620 76,638 124 76, Lt60 130 1.000 
2 208.,871 208,109 207,901 208,293 458 41,658 92 41,480 98 0.542 
4 111,507 111,745 111,957 111,736 334 22,347 67 22.,169 73 o. 290 
6 60, 359 60,835 60,689 60,628 247 12.,126 49 11,9143 , 55 0.156 
8 33.,810 33,900 33,664 33, 791 184 6,758 37 6,589 43 0.086 
10 18,655 18 927 19,017 18,866 137 3,773 27 3,595 33 0.047 · 
12 10.,765 
., ,,,. 
10,762 10, 7tn 104 2,148 21 1,970 27 0.026 10.,097 
3 Back-
ground. 995 983 941 973 31 \' 195 6 0 431,979 432,538 434,502 433, 006 660 86,601 132 86,406 138 1.000 
2 235,314 234,767 235,324 235,135 486 4.7,027 97 46 .,832 103 0.543 4 127,725 126,627 126,851 127.,068 357 25,414 71 25., 21Q 77 0. 292 6 70., 145 69,947 6§_,997 '69,997 265 13,.999 53 13.,804 59 0. 160 8 38,407 38,558 3 ,457 38,474 1,96 7,695 39 7 ,500 45 0.087 
10 21,962 21 ,401 21,637 21, 667 147 4,333 29 4,138 35 0.048 12 12.,208 12.,357 1.2., 255 12.,273 111 2., 455 22 ~,260 28 0 . 026 
Table 14 (Continued). 
Thick- Count Count Count Ave. Ave. Corr. Normalized 
Batch ness No. 1 No. 2 No. 3 count rate rate rat;e 
no. in. 
4 Back-
ground 1.,020 1.,101.J. 1, 117 1, 093 33 219 7 
o 476., 239 482,352 490,813 483,135 696 96.,6.27 139 96.,!W8 146 1.000 
2 271,152 .273, 375 244,522 273.,016 524 54,603 105 54,384 112 0.564 4 llt3., 749 144,627 1 .4,748 lt.J-4.,375 382 28,.875 76 28,656 83 0.297 
6 77,245 77,573 77,387 77,401 279 15,480 56 15,261 63 0.158 
8 41,509 41,727 41,550 41,599 204 8,320 41 8,101 48 0. 084 
10 22,366 22, li34 22,246 22.,349 150 4,470 30 4,251 37 0.044 
12 12,510 12,668 1.2., 524 12,567 112 2,513 22 2.,294 29 0 . 024 
5 Back- \J1 
ground 1,036 1,058 1, oti9 1,048 32 210 6 0 
0 503,578 509,276 516,750 5O9j868 715 101,974 143 101,764 149 1.000 
2 283, l~81 283,810 284., 737 284.,009 535 56.,802 107 56,592 113 0.556 
4 153,157 154,245 153.,633 153.,678 392 30,736 78 30,526 84 0.300 
6 83.,535 83,013 83.,826 83.,458 278 16.,692 56 16., 482 62 0.162 
8 43,755 43., 730 43,962 43, 816 210 8.,763 42 8, 553 48 0.084 
10 24.,090 23.,885 24.,194 24,056 155 4,811 31 l~,601 37 0.04~ 12 13.,178 13.,073 13,252 13., J.68 115 2., 634 23 2.,424~ 29 0 . 02 
. 
6 Back-
ground 917 915 921 918 30 184 6 
0 396,223 400.,414 409.,219 401.,952 635 80.,390 127 80,206 133 ·1.000 
2 230.,906 230,825 231,951 231,231 481 46.,246 96 46,062 102 0.575 
4 125,449 126., 076 l25,91L~ 125,813 355 25,163 71 24,979 77 0.336 
6 70,173 '70,707 70,007 70,296 266 ll~., 059 53 13.,875 59 0.173 
8 39,286 39,703 40,077 39.,689 199 7,938 40 7,754 46 0.097 
10 21,841 22., 368 22.,289 2:2,166 149 Li.,433 30 4,21.J.9 36 0.053 
12 12.,566 12,586 12,630 12.,594 112 2,519 22 2,335 28 0.029 
Table 14 ( Continued ). 
Thick- Count Count Count Ave. Ave. Corr . Normalize<,'.i 
Batch ness No. 1 No . 2 No. 3 count rate rate :rate 
no. in. 
-
7 Back-
ground 920 918 925 921 30 184 6 
O 418, 318 422, 123 426., 267 J422., 236 650 84 ., 4ll-7 130 8L~., 263 136 1.000 
2 233,255 233 .• 178 234,939 233,757 485 46,751 97 46, 567 103 0, 554 
4 123,838 123,995 123.,878 123,904 352 24,781 70 24, 597 76 o. 292 
6 65,183 65,002 65,136 65,107 256 13,021 51 12,837 57 0.152 
8 34,758 34,604 34,695 34_,686 187 6,937 37 6,753 43 0 .080 
10 18,947 19, 094 18,987 19,009 138 3, 802 28 3,618 34 0.043 
12 10,454 10,427 10, 582 10.,488 105 2,098 21 1,914 '27 0.023 
8 Back- \JI 
ground 947 921 953 940 31 188 6 I-' 
o 4.08, 772 410,938 419,134 412,948 6~-5 82.,589 129 82,401 135 1.000 
2 228,973 229.,913 231,875 230,254 481 46,051 96 45,863 102 0.556 
4 124,326 123,806 124,570 124,234 354 24,8L!-7 71 24:, 659 77 0 .. 299 
6 64,594. 64,547 65, 25J.~ 64., 570 255 12,914 51 12,'726 57 0.155 
8 35, 08Li 35,272 .. 35., 143 35:,166 188 7,033 38 6,845 44 0.083 
10 19,408 19,168 19.,516 19., 364 139 3,873 28 3,685 34 0. 045 
12 10,878 10,888 10.,982 10,913 105 2.,183 21 1~ 995 27 0.024 
9 Back-
ground 1 .,140 1,042 1:171 1,134 34 227 7 
0 549:,163 557,911 565,829 557,634 746 111,527 149 111 ,300 156 1,000 
2 319,479 320, 007 323,501 320,996 570 64,199 114 63,972 121 0.574 
4 177 , 798 178 ,207 177,863 177,956 423 35,591 85 35.,364 92 0.317 
6 94, )t89 94,406 94,585 94,493 308 18,899 62 18,672 69 0. 168 
8 50,624 50,354 50:,380 50.,453 225 10,091 45 9:,864 52 0.089 
10 28.,573 28,040 28,313 .28, 309 168 5,662 34 5,435 41 0.049 
12 15., 495 15,467 15, 666 15,543 125 3,109 25 2,882 32 0.026 
Table 14 ( Continued) . 
Thick- Count Count Count Ave. Ave. Corr. Normali zed 
Batch ness No. 1 No. 2 No. 3 count; rate r ate rate 
no. in. 
10 Back-
ground 1.,184 1.,182 1,191 1.,186 35 237 7 
0 587., 316 589.,957 593., 085 590.,119 770 118,024 154 117.,787 161 1.000 
2 333.,476 333.,918 333,361 333,585 580 66!) 717 116 66,480 123 0. 564 
4 180,188 180,661 180,646 180,498 425 36,099 85 35,862 92 0~305 
6 99.,183 98_.929 100, 133 99,415 316 19!)883 63 19!)646 70 0. 167 
8 55,142 55.,218 55.,004 55,121 236 11., 024 47 10.,787 54 0.092 
10 30,199 30,301 30.,378 30.,293 175 6!) 05SJ 35 5.,822 42 0.050 12 17.,161 17,025 17,148 17.,111 131 3.,,422 26 3,185 33 0.027 
11 Back- \JI gr ound 1,011 l_j032 999 1,014 32 203 6 I\) 
o 440., 386 440,758 444,970 440,572 666 88,114 133 87, 911 139 1.000 
2 246:585 246,327 245,817 246, 2Ll-3 J--1,97 49 , 249 99 48,046 105 0. 559 4 133_,988 133,796 131:i .,918 134., 234 368 26,847 74 26,644 80 0.303 6 73,040 72,301 72,590 72,644 2'70 14.,529 54 14, 326 60 0.163 
8 40,534 · 40:, 769 40, 272 40,492 202 8,098 40 7,895 46 0.090 
10 22,821 23, 037 22,864 22,8ti3 151 4,569 30 4,366 36 0.050 
12 13.,326 13,258 13,218 13,267 115 2.;653 23 2,450 29 0. 028 
12 Back-
ground 969 981 960 970 31 194 6 
o 448,722 449,390 450,032 449,381 671 89,876 134 89,682 140 1.000 
2 255,886 255,557 255.,062 255,502 506 51,100 101 50,906 107 0. 568 
4 144,563 14~-,038 143,147 143,933 380 28.,787 76 28,593 8g 0 .318 
6 79,490 79.,713 80,192 79,798 283 15,960 57 15,766 63 0.176 
8 l.~5,442 45.,544 45,386 45, 458 214 9,092 43 8.,898 49 0.099 
10 26., 238 26.,433 26,445 26,372 163 5,274 33 5,080 39 0 . 057 
12 15,445 15, 327 15,365 15., 379 124 3Jo76 25 2.,882 31 0.032 
